The pattern of DNA methylation at cytosine bases in the genome is tightly linked to gene expression, and DNA methylation abnormalities are often observed in diseases. The ten eleven translocation (TET) enzymes oxidize 5-methylcytosines (5mCs) and promote locus-specific reversal of DNA methylation. TET genes, and especially TET2, are frequently mutated in various cancers, but how the TET proteins contribute to prevent the onset and maintenance of these malignancies is largely unknown. Here, we highlight recent advances in understanding the physiological function of the TET proteins and their role in regulating DNA methylation and transcription. In addition, we discuss some of the key outstanding questions in the field.
The pattern of DNA methylation at cytosine bases in the genome is tightly linked to gene expression, and DNA methylation abnormalities are often observed in diseases. The ten eleven translocation (TET) enzymes oxidize 5-methylcytosines (5mCs) and promote locus-specific reversal of DNA methylation. TET genes, and especially TET2, are frequently mutated in various cancers, but how the TET proteins contribute to prevent the onset and maintenance of these malignancies is largely unknown. Here, we highlight recent advances in understanding the physiological function of the TET proteins and their role in regulating DNA methylation and transcription. In addition, we discuss some of the key outstanding questions in the field.
The vertebrate genome is bundled into a highly organized chromatin structure fundamental for precise gene regulation and maintenance of genome integrity. It is widely believed that dynamic chromatin states guide cells through development and impart an epigenetic "memory" to maintain cell type-specific transcriptional programs. Along with post-translational modifications of histone proteins, the direct methylation of cytosines in CG dinucleotides in DNA (called CpG sites) is one of several layers of regulatory information that determines chromatin states. Until recently, DNA methylation was believed to be an irreversible epigenetic event associated with gene repression, which could only be alleviated through DNA replication. Thus, it was remarkable when ten eleven translocation protein 1 (TET1) was discovered and shown to be able to modify methylcytosine and potentially erase DNA methylation (Tahiliani et al. 2009 ). TET1 belongs to a family of three proteins-namely, TET1, TET2, and TET3-that catalyze the successive oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) Ito et al. 2011) . These 5mC oxidation products were promptly implicated as intermediates in the conversion of 5mC to unmodified cytosines, potentially providing the first steps in a pathway for active DNA demethylation and implying that DNA methylation patterns are not as static as previously assumed.
Disruption of epigenetic landscapes, including DNA methylation patterns, is a hallmark of cancer. Somatic mutations in genes (e.g., in DNMT3A) that encode for the machinery that establishes DNA methylation have been causally linked to malignant transformation. Interestingly, the activity of TET enzymes, which is involved in removing this epigenetic mark, has also emerged as an important tumor suppressor mechanism in cancer. TET2 is one of the most frequently mutated genes in hematopoietic malignancies, and its disruption is an early event in the onset of disease. It is now known that all three TET genes are mutated and show reduced expression, and the proteins have impaired activity in a wide range of different cancer types. Thus, precise regulation of DNA methylation patterns, which is partly mediated by TET enzymes, is important for normal development and provides a fundamental protection against cellular transformation.
Pertinent questions
• How are TET proteins recruited to genomic elements?
• Does deposition of 5-hydroxymethylcytosine (5hmC) inhibit the maintenance of DNA methylation in vivo?
• Do 5hmC/5-formylcytosine (5fC)/5-carboxylcytosine (5caC) have roles as epigenetic marks?
• What is the link between TET2 inactivation, transcriptional changes, and premalignant and malignant hematopoiesis?
• Are fully transformed tumor cells dependent on the initial TET mutation?
• Do the biological functions of the TET proteins depend on their catalytic function?
TET proteins and their role in regulation of DNA methylation patterns TET proteins are large (∼180-to 230-kDa) multidomain enzymes ( Fig. 1 ). All TET proteins contain a conserved double-stranded β-helix (DSBH) domain, a cysteine-rich domain, and binding sites for the cofactors Fe(II) and 2-oxoglutarate (2-OG) that together form the core catalytic region in the C terminus. Structural studies suggest that this core catalytic region preferentially binds cytosines in a CpG context but does not interact with surrounding DNA bases and shows little or no specificity for flanking DNA sequences (Hu et al. , 2015 Hashimoto et al. 2014b) . In addition to their catalytic domain, TET1 and TET3 have an N-terminal CXXC zinc finger domain that can bind DNA ( Fig. 1 ; Zhang et al. 2010; Xu et al. 2011c Xu et al. , 2012 . The deposition and removal of DNA methylation occur in a cyclical manner and require the enzymatic activity of multiple proteins. The majority of CpG sites are symmetrically methylated such that both strands carry the cytosine modification. During S phase, the SRA domain of UHRF1 recognizes and binds newly replicated hemimethylated DNA (Jones and Liang 2009 ). This interaction promotes recruitment of the "maintenance" DNA methyltransferase DNMT1 that re-establishes symmetry by copying the DNA methylation pattern of the template strand onto the newly synthesized strand. This mechanism is responsible for faithful inheritance of the bulk of DNA methylation patterns across cell division (Jones and Liang 2009) . Once methylated, the modified cytosine can be the substrate of a stepwise TET-mediated oxidation process that forms 5hmC, 5fC, and 5caC in a Fe(II)-and 2-OG-dependent manner. In contrast to 5mC, the majority of these oxidation products is asymmetrically deposited on a given CpG site, suggesting that mitotic inheritance, if any, is achieved by a different mechanism (Jones and Liang 2009; Yu et al. 2012; .
The conversion of 5mC and its oxidized derivatives back to the unmodified state has been proposed to occur by either "passive" or "active" demethylation. "Passive" DNA demethylation refers to the failure to maintain DNA methylation patterns across cell divisions and is believed to result in replication-dependent dilution of 5mC. In addition to down-regulation or cytoplasmic retention of the DNA methylation machinery, the deposition of 5hmC can have a role in inducing passive DNA demethylation. In vitro studies have shown that DNMT1 activity is dramatically reduced (up to 60-fold) on a DNA substrate containing 5hmC (Valinluck and Sowers 2007; Hashimoto et al. 2012; Ji et al. 2014) . TET-mediated 5hmC deposition may therefore trigger passive replication-dependent DNA demethylation on the opposite DNA strand and be important to counter sporadic accumulation of aberrant DNA methylation. However, more recent data suggest that the role of 5hmC could be more complex. It has been shown that the DNMT1 interaction partners UHRF1 and UHRF2 can bind 5hmC DNA (Frauer et al. 2011; Hashimoto et al. 2012; Iurlaro et al. 2013; Spruijt et al. 2013; Zhou et al. 2014) . It is therefore possible that one or both of these promote maintenance of DNA methylation by recruiting DNMT1 to hemihydroxymethylated sites in vivo. Moreover, the two "de novo" DNA methyltransferases DNMT3A2 and DNMT3B2 have also been implicated in the maintenance of DNA methylation (Chen et al. 2003; Jones and Liang 2009) , and these enzymes readily methylate a DNA substrate containing 5hmC (Hashimoto et al. 2012; Ji et al. 2014) . Widespread deposition of 5hmC has also been proposed to induce passive DNA demethylation in preimplantation embryos and primordial germ cells (for review, see Hill et al. 2014) . However, it is now becoming apparent that the global demethylation observed in these cell types can proceed independently of 5hmC production. For instance, DNMT1 is excluded from the nucleus in early embryos (Seisenberger et al. 2013) , and the rate of demethylation of both paternal and maternal genomes cannot be explained by a passive demethylation pathway (both TET-dependent and TET-independent) alone . Thus, the overall contribution of 5hmC to global demethylation processes is still not fully understood (Hill et al. 2014) , and further investigations are necessary to discern the effect of 5hmC on the maintenance of DNA methylation in vivo in cells with intact DNA methylation machinery ( Fig. 2A) . "Active" DNA demethylation refers to an enzymatic process in which 5mC bases, also in their oxidized forms, are replaced by unmodified cytosines in a replication-independent manner. Although several mechanisms have been proposed (for review, see , the pathway involving thymine-DNA-glycosylase (TDG)-catalyzed base excision and DNA base excision repair (BER) is now believed to be the major driver of active DNA demethylation. TDG is a DNA mismatch repair enzyme that binds and excises mismatched pyrimidines in G:U and G:T base pairs (Lindahl and Wood 1999) . Subsequent to the discovery of oxidized 5mC bases, it was demonstrated that TDG has no effect on 5hmC but shows robust recruitment and in vitro catalytic activity toward 5fC and 5caC Maiti and Drohat 2011; Spruijt et al. 2013) . TDG-mediated base excision yields an abasic site that is then replaced by an unmodified cytosine by BER, thus resulting in net DNA demethylation 
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Dilution of 5hmC by cell division Figure 2 . Pathways of DNA demethylation mediated by TET enzymes. (A) Model of passive replication-dependent DNA demethylation. The diagrams illustrate the two opposite fates of a hemihydroxymethylated CpG dinucleotide through two rounds of DNA replication. The left panel shows the replication-dependent DNA demethylation, in which DNA methylation is lost on the DNA strand opposite to 5hmC. The right panel shows the reverse outcome, in which maintenance of DNA methylation is achieved by DNMT1 in complex with UHRF1/2 or DNMT3A/B. The relative extent of these two opposing outcomes of 5hmC deposition in vivo remains to be determined and is likely influenced by global as well as locus-specific factors. In both cases, newly replicated DNA dilutes 5hmC during cell division. (B) Model of active DNA demethylation by a TET/TDG (thymine-DNA-glycosylase)/BER (base excision repair)-dependent pathway. A cytosine base can be methylated by the DNA methylation machinery (DNMT1 or DNMT3A/B) to form 5mC, which in turn can be iteratively oxidized by TET enzymes to produce 5hmC, 5fC, and 5caC. TDG then recognizes 5fC and 5caC, and the oxidized cytosine base is excised. This yields an abasic site that is repaired by BER and results in restoration of the unmodified cytosine state. Additional pathways of active DNA demethylation have been suggested (for review, see . (SAH) S-adenosyl-homocysteine; (SAM) S-adenosyl-methionine.
( Fig. 2B ; He et al. 2011; Zhang et al. 2012) . In support of this mechanism, it has been shown that depletion or genetic disruption of Tdg in embryonic stem cells (ESCs) leads to a fivefold to 10-fold increase of 5fC and 5caC levels Shen et al. 2013; Song et al. 2013a) . Conversely, overexpression of TDG in HEK293 cells results in depletion of 5fC and 5caC with little or no change of 5mC and 5hmC (Nabel et al. 2012) . These data therefore suggest that 5fC and 5caC are constantly being purged from the genome by a TDG/BER-dependent pathway and that this constitutes an active, TET-mediated DNA demethylation process in vivo. Although oxidation of 5mC to 5hmC is the first enzymatic step leading to restoration of unmodified cytosine by a TET/TDG/BER-dependent pathway, recent reports have revealed an apparent uncoupling of global 5hmC levels and active DNA demethylation. Experiments using isotope labeling combined with sensitive detection methods show that hydroxymethylation (Bachman et al. 2014) and low levels of formylation (Bachman et al. 2015) are present as relatively stable cytosine modifications in genomic DNA of both dividing and nondividing cells. This means that the majority of observable 5hmC and 5fC is not short-lived transient intermediates in an enzymatic process leading to DNA demethylation but is instead integrated and remains in genomic DNA for an extended period of time. Moreover, the steady-state levels of stable 5hmC and 5fC must be considerably larger than a corresponding pool of transient oxidized cytosines associated with active DNA demethylation processes (Fig. 3A) . In agreement with this, kinetic analyses of TET catalytic activity suggest that the rate of cytosine oxidation is significantly reduced for the 5hmC (4.9-fold to 6.3-fold) and 5fC (7.8-fold to 12.6-fold) substrates compared with the initial oxidation reaction of 5mC (Ito et al. 2011; Hu et al. 2015) . A comparison of crystal structures of human TET2 in complex with all three substrates indicates that the substrate preference is due to subtle differences in the catalytic cavity . The position of the cytosine is unchanged between the three substrates, but the hydroxy and carbonyl groups of 5hmC and 5fC form intermolecular and intramolecular hydrogen bonds and adopt a more restrained conformation than the methyl group of 5mC. These changes as well as a further distance to the Fe(II) cofactor lead to a decreased hydrogen abstraction efficiency and overall lower catalytic activity (Hu et al. 2015) . Thus, the TET proteins have intrinsic properties to restrain their ability to form 5fC and 5caC that may lead to stalling of TET-mediated oxidation after 5hmC formation and diffuse accumulation of stable hydroxymethylated cytosines in the genome (Fig. 3B, top panel) .
Apart from their function in 5mC turnover, TET proteins have been shown to catalyze the oxidation of thymine bases in T:A base pairs to form 5-hydroxymethyluracil (5hmU). This DNA modification is present at exceedingly low amounts in ESCs and is efficiently cleaved and repaired by the DNA glycosylases TDG and SMUG1 followed by BER (Cortellino et al. 2011; Pfaffeneder et al. 2014 ). As such, 5hmU could have an independent function in the recruitment of chromatin readers but has also been proposed as a by-product of high TET activity to increase local DNA repair processes associated with TDG/BER-mediated DNA demethylation. However, the functional relevance of 5hmU as an epigenetic mark and its link to TET-mediated DNA demethylation remain to be determined.
Roles of 5mC, 5hmC, 5fC, and 5caC
Methylation of CpG sites is the most abundant DNA modification in the vertebrate genome, and its role in directing development and gene regulation has been extensively studied (for review, see Baylin and Jones 2011) . DNA methylation is found throughout the genome (70%-80% of all CpGs are methylated) and is faithfully maintained during cell division by replication-coupled methylation machinery. Notable exceptions to this pervasive genomic methylation are gene regulatory regions such as CpG-rich promoter elements, also known as CpG islands, and active enhancers that are often associated with little or no DNA methylation. The DNA methylation landscapes across different human and mouse tissues are remarkably stable. In both species, only a fraction of genomic CpG sites (7%-22% of 28 million autosomal CpGs) changes between a methylated and an unmethylated state even in distantly related cell types (Hon et al. 2013; Ziller et al. 2013) . Detailed analysis of these dynamically regulated sites has revealed that the appearance and disappearance of tissue-specific hypomethylated regions colocalize with promoters, enhancers, and transcription factor (TF)-binding sites and that these correlate with expression of neighboring genes. Thus, in contrast to a relatively static DNA methylation environment, the gain and loss of DNA methylation at regulatory regions are prominent features of normal development (Hon et al. 2013; Ziller et al. 2013) .
Early studies using sensitive mass spectrometry analysis revealed that 5mC oxidation products were present in all examined tissues, albeit in low and highly variable amounts. Whereas 5mC is found in all tissues, corresponding to ∼4%-5% of all cytosines, the most abundant of the 5mC oxidation products, 5hmC, is present at a range of 0.3%-0.7% in the CNS down to as little as 0.03%-0.06% in the spleen and testes. By comparison, the products of further TET-mediated oxidation, 5fC and 5caC, are observed at ∼10-fold to 100-fold lower levels than 5hmC and often close to or under the detection limit (Kriaucionis and Heintz 2009; Globisch et al. 2010; Szwagierczak et al. 2010; He et al. 2011; Ito et al. 2011; Pfaffeneder et al. 2011; Bachman et al. 2015) .
There has been substantial interest in mapping cytosine oxidation products in the genome with the aim of understanding their role in gene regulation and DNA methylation dynamics (Pastor et al. 2011; Stroud et al. 2011; Szulwach et al. 2011; Williams et al. 2011; Wu et al. 2011a; Xu et al. 2011c; Sérandour et al. 2012) . Various enzymatic and chemical treatments of DNA combined with whole-genome sequencing now provide the possibility of producing genome-wide maps of 5hmC, 5fC, and 5caC (for review, see Yardimci and Zhang 2015) . Although these techniques are prone to artifacts due to incomplete conversion or protection of distinct cytosine modifications, they offer important quantitative insights. A whole-genome and base-resolution map of 5hmC in ESCs identified ∼2 million 5hmC sites with an average modification rate of ∼20%. 5hmC enrichment was found in regions with low CpG content, including promoters The rate constant of TET enzymes to produce 5hmC from 5mC is fast, whereas the rate constants for further oxidation to 5fC and 5caC are considerably slower. On a majority of TET target sites, 5mC is oxidized and persists as "stable" 5hmC, likely due to low TET residence time ("stalling TET modification"). On a minority of sites, preferably located in open chromatin associated with regulatory elements, 5mC is oxidized iteratively to 5fC and 5caC and results in net DNA demethylation by the TET/TDG/BER pathway ("processive TET modification"). (C ) Model illustrating the impact of loss of TET protein function on different regulatory elements. The protection of active and inactive CpG island promoters by the TET proteins is only one of several mechanisms by which they are protected against ectopic DNA methylation. In contrast, distal regulatory elements such as active enhancers are vulnerable to aberrant DNMT activity and become DNA hypermethylated upon loss of TET activity. (PcG) Polycomb group. associated with lowly expressed genes, gene bodies, and intragenic regions as well as distal regulatory regions such as DNase I hypersensitivity sites, p300-marked enhancers, and CTCF-bound insulator sites (Yu et al. 2012) . By comparison, whole-genome sequencing combined with simultaneous detection of 5fC and 5caC identified ∼0.33 million modified sites with an average modification rate of 8%-10% (Neri et al. 2015) . Thus, in accordance with isotope labeling and mass spectrometry analysis, the measurements imply that methylated cytosines successively oxidized to 5fC/5caC are significantly less abundant than 5hmC-modified cytosines. 5fC and 5caC are mostly located in or close to distal regulatory elements (DNase I hypersensitivity sites, enhancers, and CTCF-bound insulator sites) but can also be detected on transcription start sites of active genes Neri et al. 2015) . However, it should be noted that the overall distribution as well as enrichment of 5fC and 5caC in Tdg-depleted cells show that distal regulatory elements are the primary site of 5fC/5caC deposition . Interestingly, overlap of these base-resolution maps additionally shows that the vast majority of 5hmC and 5fC/5caC is found on distinct cytosine bases in the genome (out of ∼22 million CpGs covered in both maps, only 7.5% of 5hmC-modified and 18.8% 5fC/5caC-modified cytosine bases showed accumulation of the other modification). Although sensitivity of detection could be an issue, this lack of positional overlap implies that most 5hmC is not converted to higher oxidation levels. Conversely, the failure to detect 5hmC does not preclude the existence of active DNA demethylation at a given CpG site, as this can occur by fast and processive TET-mediated oxidation to 5fC and 5caC followed by TDG-dependent excision. The overall abundance of oxidized cytosine species, the discordant genomic localization of 5hmC and 5fC/5caC at the nucleotide level, and the catalytic properties of TET enzymes are consistent with a dual role of TET proteins in the regulation of DNA methylation ( Fig. 3B) : On a majority of TET genomic target sites, TET oxidizes 5mC to 5hmC but stalls after this initial reaction ("stalling" TET modification). This results in a relatively high steady-state level of genomic 5hmC that on some sites could promote passive DNA demethylation and serve an important role to prevent faulty DNA methylation. It is also possible that 5hmC functions as a stable epigenetic mark; however, the low average modification rate in ESCs is incompatible with such a role on the majority of modified sites. Conversely, on a small fraction of TET genomic target sites mostly located in regulatory regions, high TET occupancy or stimulation of TET enzymatic activity results in processive oxidation of 5mC to 5fC or 5caC ("processive" TET modification). These highly oxidized bases are then recognized and excised by TDG/BER and result in net DNA demethylation of the cytosine base. The intrinsic catalytic constraint of TET enzymes as well as robust excision of TDG/BER contribute to the exceedingly low steady-state levels of 5fC and 5caC in the genome. Interestingly, sites with 5fC and 5caC are enriched in open chromatin and loci with TF occupancy . Thus, TF binding and chromatin remodeling may play a role in making sites permissive for processive TET-mediated 5fC and 5caC formation and promote active DNA demethylation. However, a detailed characterization of the conditions that favor processive TET activity at some, but not all, target sites is an important subject of future investigations. Together, these dual roles of TET enzymes are likely to promote DNA methylation fidelity, as has previously been suggested (Williams et al. 2012) , and may execute a direct regulatory function at specific genomic target sites located in regulatory regions.
Cytosine oxidation products as independent epigenetic marks?
Considering the well-characterized role of a methylated cytosine as an inheritable epigenetic mark, it is tempting to speculate that the newly discovered cytosine derivatives also might have functions in the genome independently of their role in DNA methylation turnover. Most notably, the high abundance of 5hmC in post-mitotic brain tissues makes this a possible candidate as an epigenetic mark. However, attempts to systematically identify chromatin-associated "reader" proteins interacting with 5mC-, 5hmC-, 5fC-, or 5caC-containing DNA oligos yielded surprisingly few 5hmC-specific binders. Instead, the much less abundant cytosine species 5fC and 5caC appear to interact with numerous proteins, including TDG, p53, DNA repair factors, chromatin remodeling factors, and forkhead box TFs (Iurlaro et al. 2013; Spruijt et al. 2013) . While some of these may be recruited as a result of DNA repair associated with active DNA demethylation processes, the biochemical and physiological relevance of the interactions is unclear.
Although the effects of cytosine modifications are likely to be highly context-and sequence-specific, the failure to identify proteins enriched at 5hmC and a biological role of these may be indicative of a general negative impact of this cytosine modification on chromatin binders. Indeed, proteins that are known to interact with methylated cytosines, such as MBD1, MBD2, and MBD4, cannot bind 5hmC-containing DNA or bind with lower affinity (Jin et al. 2010; Hashimoto et al. 2012 ). In addition, oxidation of cytosines in the DNA-binding motif of the TF Wilms tumor 1 (WT1; to 5hmC and 5fC but not 5caC) effectively disrupts protein-DNA interaction (Hashimoto et al. 2014a ). Thus, oxidation of TF-binding sites in the genome can potentially lead to displacement of some proteins from chromatin and modulate downstream gene function. Whether such an effect or perhaps the opposite can be observed in the context of other DNA-binding factors remains to be investigated.
Despite a general lack of in vivo validation, the amounts of specific 5fC and 5caC binders observed in the in vitro pull-down experiments support a potential role of these cytosine species beyond functioning as transient intermediates in active DNA demethylation. In line with this, 5fC and 5caC have been shown to interfere with transcription by RNA polymerase II (Pol II) (Kellinger et al. 2012 ).
Structural analysis of Pol II in complex with 5caC indicates that the interaction between Pol II residues and the 5mC derivative groups induces a positional shift that places the incoming GTP nucleotide in a less favorable position for addition to the growing RNA strand (Wang et al. 2015a ). Thus, the presence of 5fC and 5caC, but presumably not 5mC or 5hmC, in the template DNA strand is equivalent to "speed bumps" and induces transient Pol II pausing and a reduced elongation rate both in vitro and in vivo (Kellinger et al. 2012; Wang et al. 2015a) . It is therefore possible that controlled deposition of 5fC and 5caC can fine-tune the elongation rate of specific genes and indirectly affect gene expression; however, the physiological significance of this remains unknown. Interestingly, a recent report identified mutants of the TET1 protein in the amoeba Naegleria that primarily generate 5hmC with little or no further oxidation to 5fC and 5caC (Hashimoto et al. 2015) . Detailed analysis of such mutants in mammalian cells may help to elucidate the specific role of 5hmC in chromatin as well as the biological role of 5fC and 5caC as epigenetic marks.
Impact of TET proteins on DNA methylation in vivo
Although genome-wide maps of 5mC oxidation products provide a detailed snapshot of the affected genomic sites, the significance of TET proteins in the maintenance of DNA methylation patterns can most accurately be assessed by functional studies. Genetic disruption of all three Tet proteins in mouse ESCs (Tet triple-knockout cells) is compatible with viability despite complete absence of 5hmC and a small but consistent increase in global DNA methylation level (Dawlaty et al. 2014; Lu et al. 2014) . Mapping of DNA methylation changes by wholegenome bisulfite sequencing revealed that DNA methylation predominantly accumulates on enhancers and DNase I hypersensitivity sites in Tet triple-knockout as well as Tet2 knockout cells (Hon et al. 2014; Lu et al. 2014) . In fact, ∼15%-25% of all mapped ESC enhancers undergo significant DNA hypermethylation, underlining the genome-wide scale of Tet protein function. In contrast, little or no change of DNA methylation levels was observed at promoter elements and their associated CpG islands. This is in agreement with previous results demonstrating that several mechanisms exist that protect CpG island promoters from DNA methylation, including the binding of Tet1 (Williams et al. 2011; Wu et al. 2011b ) and the exclusion of de novo DNA methyltransferases by H3K4me3 methylation (Ooi et al. 2007; Otani et al. 2009; Guo et al. 2015; Noh et al. 2015) . In addition, transcriptionally repressed promoters and CpG islands (associated with PRC2 and marked by H3K27me3) also appear to be protected from ectopic DNA methylation by the polycomb-associated protein Fbxl10 (Boulard et al. 2015) .
Although ESCs represent a well-established model system, it remains important to confirm these findings in differentiated cell lineages and in cells in which the TET proteins are known to have important regulatory roles. Initial studies of DNA methylation patterns in TET2 mutated patients with hematological disorders reported conflicting results. In some studies, promoter DNA methylation was found to be unchanged (Yamazaki et al. 2012) or predominantly DNA-hypomethylated (Ko et al. 2010; Pérez et al. 2012) , whereas others reported increased levels of DNA methylation (Figueroa et al. 2010; Rampal et al. 2014) . These discrepancies are possibly due to different experimental protocols and patient groups as well as control cells studied. Moreover, DNA methylation changes were assessed at only a relatively small number of CpG sites predominantly located in promoters.
An analysis of genome-wide DNA methylation as well as 5hmC levels in fetal and adult frontal cortices showed that differential DNA methylation is predominantly found in distal regulatory elements (Lister et al. 2013 ). Interestingly, the elements that became active (DNA hypomethylated and associated with increased levels of H3K4me1 and H3K27ac) in the transition from the fetal to the adult brain were already enriched with 5hmC in the fetal brain. Thus, 5hmC may play a role in marking enhancers that become activated later in development. Moreover, a large fraction of these enhancers (19.7%) had slightly increased levels of DNA methylation in the frontal cortices of Tet2 knockout mice. Although the increase in DNA methylation was rather modest, this study suggests that Tet2 is important for establishing the DNAhypomethylated state of tissue-specific enhancers during development of neuronal tissues (Lister et al. 2013) .
In a more recent study, Yamazaki et al. (2015) analyzed differentially methylated sites in a cohort of chronic myelomonocytic leukemia (CMML) patients with or without TET2 mutations. Here the investigators detected significant DNA hypermethylation in enhancer-like regions. In contrast, they did not detect changes in DNA methylation at CpG islands (Yamazaki et al. 2015) . Finally, in a genetic tractable mouse model in which loss of Tet2 contributes to acute myeloid leukemia (AML), we could show that Tet2 maintains low DNA methylation levels at tissue-specific enhancers to prevent leukemic transformation. In addition, we were able to uncover a distinct enhancer DNA hypermethylation phenotype in human AML patients carrying TET2 mutations. The DNA methylation levels at CpG islands were unchanged in both mouse and human AML cells (Rasmussen et al. 2015) .
Together, data from ESCs as well as differentiated tissues and malignant cells support a model in which TETmediated DNA demethylation plays an essential role in maintaining low DNA methylation levels at distal regulatory elements. In contrast, CpG islands and promoters are largely resistant to ectopic DNA methylation due to several different layers of control (Fig. 3C) .
Recruitment of TET proteins to DNA and regulation of enzymatic activity
It has become increasingly clear that, besides dynamic transcriptional control, TET protein activity and recruitment are regulated at multiple levels that together determine the final effect on DNA methylation patterns. For instance, the activity of TET enzymes can be stimulated or inhibited in the presence of distinct metabolites, cofactors, and post-translational modifications. In addition, interaction with multiple binding partners both stably and transiently is likely to affect genomic localization as well as protein stability.
TET1 and TET3 are most likely recruited to genomic target sites through direct binding of their respective CXXC domains to DNA (Fig. 1) . In vitro binding assays confirm that these domains can bind CpG-rich oligonucleotides with a slight preference for unmethylated versus methylated substrates (Zhang et al. 2010; Xu et al. 2011c Xu et al. , 2012 . In addition, in vivo chromatin immunoprecipitation of Tet1 shows that it is highly enriched on CpG islands, most of which are associated with promoters with intermediate and high CpG content, and that this enrichment is lost upon introduction of a mutation in the CXXC domain (Williams et al. 2011; Wu et al. 2011b; Xu et al. 2011c) . Structural studies of CXXC domains in other proteins (Cierpicki et al. 2010; Song et al. 2011; Xu et al. 2011a ) have shown that these can bind to a single CpG site. The observed enrichment of Tet1 at CpG islands may therefore reflect the higher number of potential binding sites in these elements. In agreement with the fact that the CXXC domain interacts with only one CpG, Tet1 has been shown to be associated with distal regulatory elements as well as genome-wide diffuse 5hmC deposition (Stadler et al. 2011; Putiri et al. 2014) , and Tet3-mediated cytosine oxidation in the developing embryo occurs at a wide range of genomic elements . Thus, the CXXC domain may be involved in the recruitment of Tet1 and Tet3 to CpG sites irrespective of the local CpG density, and this is consistent with a model in which the Tet proteins, like the DNMTs, are binding throughout the genome.
In contrast to TET1 and TET3, the structure of TET2 does not reveal any discernable domains reported to bind directly to DNA, and it is therefore potentially recruited to genomic DNA by a distinct CXXC domain-independent mechanism. To date, it has not been possible to produce a reliable genome-wide map of TET2 chromatin occupancy due to nonspecific retention of signal even in genetic knockout cells (Jain et al. 2015 ; our unpublished results). Although several genome-wide data sets have been published Deplus et al. 2013 ), none of them have systematically tested signal specificity. Thus, further studies are required to accurately map TET2 occupancy to understand how and where the protein is recruited to chromatin.
Considering the potential regulatory role of TET2 at distal regulatory elements, it is possible that TET2 recruitment can be facilitated through direct binding of DNA targeting partners. In fact, the TET2 protein, either endogenous or overexpressed, has been shown to bind tissuespecific TFs such as early B-cell factor 1 (EBF1) (Guilhamon et al. 2013 ) and WT1 (Rampal et al. 2014; Wang et al. 2015b ). However, it should be noted that it is unlikely that one or a few factors, such as those mentioned above, can account for the entire spectrum of TET2 genomic target sites. Instead, it is possible that dynamic expression of DNA-binding factors as well as interaction with TET2 can confer tissue-specific and temporal modulation of TET activity on a limited set of genomic loci.
Recruitment by DNA-binding factors can also result in TET2 protein degradation. The TET2-interacting protein IDAX/CXXC4 that is believed to contain the ancestral CXXC domain of TET2 binds unmethylated DNA and is located predominantly at CpG islands. Analysis of cell lines with combined ectopic expression of these proteins indicated that IDAX/CXXC4 interacts with and activates caspase-dependent degradation of TET2 by a mechanism dependent on DNA binding (Ko et al. 2013 ). Thus, in agreement with the minor effect of TET2 disruption on these genomic elements, it is possible that IDAX/ CXXC4 has evolved to negatively regulate TET2 activity on CpG islands with little or no effect outside of them. Although this represents a plausible model, IDAX/CXXC4 and TET2 are not coexpressed in the cells in which the studies were performed, and the interaction remains to be validated on endogenous protein.
Apart from site-specific recruitment, the activity of TET enzymes can be stimulated or inhibited at a global level in the presence of distinct metabolites, cofactors, and post-translational modifications. Mutations in the genes coding for the metabolic enzymes isocitrate dehydrogenases 1 and 2 (IDH1/2), succinate dehydrogenase (SDH), and fumarate hydratase (FH) have been reported in a wide variety of liquid and solid tumors (Oermann et al. 2012 ). These mutations, either deleterious (SDH and FH) or gain of function (IDH1/2), result in aberrant accumulation of metabolites such as 2-hydroxyglutarate (2-HG), succinate, and fumarate that inhibit TET protein enzymatic activity along with a large number (>60) of additional enzymes (Xu et al. 2011b; Xiao et al. 2012 ; Losman and Kaelin 2013). Interestingly, IDH1/2 mutations were found to be mutually exclusive with TET2 mutations in AML patients and have been associated with DNA hypermethylation in brain tumors and leukemias (Figueroa et al. 2010; Turcan et al. 2012) . Despite the pleiotropic effect of these metabolites, the oncogenic effect of IDH, SDH, and FH mutations can be ascribed at least partly to the global inhibition of TET-mediated cytosine oxidation.
In contrast, increasing the levels of vitamin C (ascorbic acid) has been shown to stimulate TET protein enzymatic activity in cultured cells as well as mouse tissues (Blaschke et al. 2013; Minor et al. 2013; Yin et al. 2013; Bachman et al. 2014 ). This can be detected as increased levels of the cytosine oxidation products 5hmC, 5fC, and 5caC as well as a small reduction of global DNA methylation in the absence of changes in TET expression levels (Yin et al. 2013; . Although the precise mechanism is unknown, it is likely that vitamin C interacts directly with the catalytic domain of TET proteins and provides a local reducing environment that increases recycling efficiency of the Fe(II) cofactor (Yin et al. 2013) .
Finally, it has been shown that all three TET enzymes can be monoubiquitinylated at a conserved lysine residue (K1299 in TET2) by the E3 ubiquitin ligase complex CLR4 VprBP Nakagawa et al. 2015) . This modification does not affect in vitro catalytic activity but potentially induces a conformational change that promotes TET binding to DNA. It is therefore possible that monoubiquitinylation is important to stabilize interactions with DNA-binding partners or alter the DNA-binding affinity of the TET proteins themselves. Interestingly, several TET2 missense mutations observed in AML patients affect K1299 or the surrounding region (Nakagawa et al. 2015) . This suggests that TET protein activity can be modulated on a global level by CLR4 VprBP -mediated monoubiquitinylation and that this regulation has direct implications for tumorigenesis.
Physiological functions of TET proteins
The elucidation of the physiological role of the TET protein family has received and continues to receive considerable attention. Even though they share catalytic activity, genetic studies strongly suggest that TET proteins are functionally nonredundant, most likely due to varying expression levels and recruitment mechanisms. For instance, expression of Tet3 is high in mouse oocytes and early preimplantation embryos but decreases rapidly as the cells progress to the inner cell mass (ICM) stage in blastocysts. Instead, mouse Tet1 and Tet2 show high expression in the ICM and ESCs, and, while Tet1 is gradually down-regulated, Tet2 and Tet3 remain constant or are significantly up-regulated during differentiation to the three germ layers. Finally, Tet2 (and, to some degree, also Tet3) shows robust expression in a wide range of adult tissues, including hematopoietic and neuronal lineages. It should be noted that the relative importance of each member within a specific cell type remains a topic of continuing debate, as there have been few attempts to systematically evaluate absolute protein levels in different tissues and developmental stages. Moreover, in some cases, deletion of one or several of the TET enzymes can be compensated for by increased expression or activity of the other TET family members .
The physiological relevance of the TET proteins in development has been investigated using genetic knockout mouse models. Constitutive deletion of Tet3 leads to neonatal lethality with 100% penetrance (Gu et al. 2011; Kang et al. 2015) , whereas deletions of either Tet1 (Dawlaty et al. 2011 ) or Tet2 (Moran-Crusio et al. 2011 Quivoron et al. 2011) do not result in any detectable developmental phenotype. This suggests that Tet3 has a unique role during embryogenesis that cannot be compensated for by other Tet enzymes. In contrast, when generating compound mutant mice deficient for both Tet1 and Tet2, it was noted that, while some survive and develop normally, the majority die perinatally and show a wide spectrum of defects, including exencephaly, growth retardation, and compromised imprinting . The complexity of this phenotype (both partially penetrant and highly variable) strongly suggests that the defects cannot be explained by disruption of a single process or pathway. Instead, combined Tet1 and Tet2 deficiency is likely to result in epigenetic abnormalities that increase developmental stochasticity and derail embryogenesis at multiple levels . Finally, the successful generation and characterization of Tet1/ 2/3 triple-knockout ESCs have shown that combined TET activity is essential for supporting embryonic development (Dawlaty et al. 2014) .
The fact that single-knockout and some double-knockout mice survive until adulthood has prompted investigators to search for late-onset phenotypes in conditional Tet knockout mice. Interestingly, the disruption of any of the Tet genes in adult hematopoietic tissues leads to increased hematopoietic stem cell (HSC) function as measured in competitive repopulation assays Moran-Crusio et al. 2011; Quivoron et al. 2011; Cimmino et al. 2015) , and both myeloid and lymphoid alterations are observed to varying degrees. Loss of Tet2 results in age-associated extramedullary hematopoiesis and expansion of monocytes and granulocytes in the spleen Li et al. 2011; Moran-Crusio et al. 2011; Quivoron et al. 2011; Shide et al. 2012) , whereas Tet1 deficiency leads to an overall lymphoid bias and dysregulated B-cell lineage differentiation (Cimmino et al. 2015) . This is further accompanied by a gradual expansion of myeloid-biased HSCs in Tet2-deficient mice versus lymphoid-primed multipotent progenitors (LMPPs) in Tet1 mutant mice, thus reflecting an early skewing of myeloid or lymphoid differentiation (Quivoron et al. 2011; Cimmino et al. 2015) . Preliminary experiments using a hematopoietic-specific deletion of Tet3 failed to detect expansion of the HSC compartment or disrupted hematopoietic differentiation . Nonetheless, these data show that HSCs are uniquely sensitive to changes in TET protein activity and suggest that other family members cannot fully compensate for loss of an individual TET protein. Furthermore, terminal hematopoietic lineage differentiation is differentially affected upon disruption of either Tet1 or Tet2, which could be a reflection of distinct lineage-specific expression patterns and protein function. In agreement with these murine studies, enhanced engraftment potential and myeloid skewing of differentiation have also been observed in human hematopoietic CD34 + stem and progenitor cells with disruption or lack of TET2 expression (Delhommeau et al. 2009; Pronier et al. 2011; Itzykson et al. 2013) .
Apart from a role in embryonic development and hematopoietic differentiation, Tet proteins and DNA demethylation has been implicated in several processes in differentiation and development. For instance, loss of Tet activity is associated with altered neuronal activity and has been implicated in learning and memory processes as well as cocaine addiction (Hahn et al. 2013; Rudenko et al. 2013; Feng et al. 2015) . In addition, TET activity plays an important role in induced pluripotent stem cell formation (Doege et al. 2012; Costa et al. 2013 ) as well as smooth muscle cell differentiation (Liu et al. 2013b) . Recently, Tet2 was further implicated in the regulation of cytokine expression during innate as well as T-cell-mediated immune responses. Upon myeloid cell-specific deletion, it was found that Tet2-deficient cells fail to efficiently repress proinflammatory cytokines after LPS-induced stimulation in a histone deacetylase (HDAC)-dependent manner . Similarly, Tet2 deficiency induced in CD2 + T cells is associated with aberrant cytokine production and leads to increased autoimmunity in a mouse model of human multiple sclerosis (Ichiyama et al. 2015) . Thus, Tet activity is likely an important factor in numerous developmental stages, and disruption can lead to failure of cell type-specific functions.
TET proteins in hematological cancer
Among the different cancer types studied, the role of TET proteins in hematological malignancies has received the most experimental support. The family of TET proteins was originally named due to the characterization of TET1 as a fusion partner in mixed-lineage leukemia (MLL)-rearranged AML (Ono et al. 2002; Lorsbach et al. 2003) . However, this translocation is rare (0.3% of MLL fusions) (Ittel et al. 2013) , and its precise significance in leukemogenesis has yet to be investigated. In contrast, the TET2 gene was independently unearthed in a study of myelodysplastic syndrome (MDS) and AML patients with 4q24 alterations, where it was the only ORF found in a minimally deleted region (Delhommeau et al. 2009; Langemeijer et al. 2009 ). Follow-up studies in diverse patient groups quickly identified not just chromosomal aberrations but also frequent point mutations-including insertions, deletions, missense, nonsense, and frameshift mutations-that often result in truncations or decreased enzymatic activity of TET2 (Weissmann et al. 2012 ). These mutations are most often heterozygous even though loss of the wild-type allele (loss of heterozygosity [LOH] ) and biallelic mutations are commonly observed (e.g., up to 26% of MDS cases) (Bejar et al. 2011) . The global levels of 5hmC are significantly reduced in patients that carry either homozygous or heterozygous TET2 disruption when compared with patients with wild-type TET2 (Ko et al. 2010) , suggesting that these are true haploinsufficient loss-of-function mutations.
Somatic alterations in TET2 are observed to varying degrees in a wide range of hematological disease, including both myeloid and lymphoid malignancies (for review, see Scourzic et al. 2015) . TET2 mutations are the most common genetic abnormality observed in patients with MDS (6%-26%) and CMML (20%-58%) but is also frequently observed in primary and secondary AML (12%-32%), blastic plasmacytoid dendritic neoplasm (25%-54%), and myeloproliferative neoplasms (MPNs) such as polycythemia vera, primary myelofibrosis, and essential thrombocytosis (2%-20%). In addition, TET2 alterations are found in B-cell (2%-12%) and T-cell (20%-83%) lymphomas, including diffuse large B-cell lymphoma (DLBCL), follicular lymphoma (FL), angioimmunoblastic T-cell lymphoma (AITL), and peripheral T-cell lymphoma (PTCL). Thus, TET2 mutations are not limited to a specific disease subtype, as seen for other oncogenic drivers in hematopoiesis. Instead, the mutational landscape suggests that these alterations can be involved in very different disease processes.
There are now several lines of evidence that point to a role of TET2 alterations as one of the first genetic aberrations in the onset of hematological malignancies. First, TET2 mutations can be found in premalignant HSCs in MDS and AML patients and are preserved in the tumor bulk along with additional oncogenic mutations (Jan et al. 2012; Chan and Majeti 2013; Itzykson et al. 2013) . Second, TET2 mutations are frequently observed in aged healthy individuals with clonal hematopoiesis and increase the propensity to develop hematopoietic malignancies (Busque et al. 2012; Genovese et al. 2014; Jaiswal et al. 2014; Xie et al. 2014) . Finally, disruption of Tet2 in mouse models increases HSC proliferation and activity, but malignant transformation is rare and occurs only with low penetrance and long latency, suggesting that other oncogenic events are necessary for development of disease. Thus, these data support a model in which TET2 alterations occur in HSCs and impart a clonal advantage that lead to a myeloid differentiation bias and expansion of the stem cell pool. These premalignant stem cell clones are then prone to acquiring additional oncogenic mutations that, together with TET2 disruption, induce the disease phenotype observed (Fig. 4) . Further studies aimed at deciphering the role of TET2 disruption and its impact on DNA methylation patterns in premalignant HSCs as well as the significance in the onset of hematological diseases are needed.
Although analysis of patients and Tet2 knockout mice supports a cooperative role of TET2 loss in leukemogenesis, it remains important to validate such a model in vivo. Several whole-genome and whole-exome sequencing studies have mapped and identified comutated genes in patients carrying TET2 alterations. These mutational patterns offer a chance to search for statistical co-occurrences or mutual exclusivity to identify combinations that may play a direct role in disease onset. Accordingly, with statistical significance, TET2 mutations are associated with SF3B1, ZRSR2, and ASXL1 mutations in MDS patients (Haferlach et al. 2014) ; STAG2, DNAH9, and serine-threonine kinase mutations in AML patients (Cancer Genome Atlas Research Network 2013); and RHOA, IDH2, and DNMT3A mutations in AITL patients (Palomero et al. 2014; Sakata-Yanagimoto et al. 2014) . However, the functional relevance of these as well as the vast majority of additional co-occurring genetic alterations is largely unknown. In general, it is not clear how and to what extent they genetically interact with TET2 mutations or whether some are merely inconsequential "passenger" events fixed in a clonal or subclonal population.
To directly address this, several groups have generated mouse models with defined genetic alterations and assessed the phenotypic outcome in the hematopoietic system (Table 1 ). The combination of Tet2 disruption with either Asxl1 null , Ezh2 null , or Jak2 V617F mutant alleles results in MDS and MPN-like disease phenotypes (AbdelWahab et al. 2013; Muto et al. 2013; Chen et al. 2015; Kameda et al. 2015) , whereas expression of hyperactive KIT D814V leads to systemic mastocytosis (Soucie et al. 2012; De Vita et al. 2014) . In contrast, inactivation of the Notch pathway or expression of AML1-ETO or FLT3-ITD (two common oncogenic alterations) in Tet2-depleted hematopoietic cells results in complete leukemogenic transformation into AML-like diseases (Rasmussen et al. 2015; Shih et al. 2015; Hatlen et al. 2016) . Depending on the secondary mutation, Tet2 inactivation is necessary for disease development or, alternatively, accelerates and worsens an already existing malignancy. Notably, several of these mouse models have a considerable latency between introductions of the genetic alterations to disease manifestation. It is therefore possible that acquisition of additional oncogenic events besides the ones introduced may play a role in transformation. Despite this, these mouse models of Tet2 loss of function offer compelling evidence that directly supports a role of TET2 mutations in a wide range of hematopoietic malignancies and begins to elucidate the minimal genetic events necessary for the onset of disease.
Compared with TET2 mutations, somatic alterations of TET1 and TET3 are exceedingly rare in patients with hematological diseases. Despite this, a role for Tet1 as well as Tet3 in the development of hematopoietic disease has recently been uncovered (Table 1) . It was shown that mice with constitutive deletion of Tet1 (Cimmino et al. 2015) as well as combined Tet1 and Tet2 deficiency (Tet1/2 double knockout) are prone to developing late-onset B-cell lymphoma. In support of this, exome sequencing of Tet1-deficient tumors revealed recurrent mutations in genes altered in human DLBCL and FL, and the investigators could detect DNA hypermethylation of the TET1 promoter as well as decreased expression levels in patient samples. Thus, these observations support a role of TET1 as a tumor suppressor in lymphoid hematopoiesis and suggest that silencing of TET1 could be an overlooked mechanism in the onset of B-cell lymphomas (Cimmino et al. 2015; Zhao et al. 2015) . In another study, the effects of combined Tet2 and Tet3 disruption (Tet2/3 double knockout) in the hematopoietic system were investigated . In contrast to the relatively mild phenotype of Tet2 knockout animals, these compound mutant animals developed a rapid and fully penetrant myeloid leukemia within 7 wk. Transformation of Tet2/3 double-knockout cells was associated with impaired DNA repair and chromosomal translocations, suggesting that Tet2 and Tet3 act redundantly to preserve genomic integrity and prevent leukemogenesis . Further investigations are needed to understand the link between loss of TET activity and DNA damage in hematopoietic cells and how the findings in Tet2/3 double-knockout animals are relevant to patients with hematological diseases.
TET proteins in solid tumors
Mutations of the TET genes or decreased expression of TET proteins are not limited to malignant hematopoiesis but have also been observed in a wide variety of human solid tumors. However, much less is known regarding the role of TET enzymes in disease onset and the maintenance of these. Missense and truncating mutations in the TET genes are observed in nearly all tumor types with relatively low frequency (0.1%-10% of cases). In some studies, up to 20% of patients (e.g., melanoma and colorectal cancer) were found to carry mutations in one or more of the TET genes (http://www.cBioPortal.org). However, it should be noted that the types of mutations that accumulate in solid tumors are often missense mutations with unknown significance that may have relative little effect on TET activity (Scourzic et al. 2015) . In addition, the large number of additional somatic alterations observed in these tumor types makes it difficult to ascertain whether TET mutations confer a selective advantage or represent inconsequential "passenger" alterations. Nonetheless, decreased expression of TET proteins and lower 5hmC levels are general hallmarks of many cancer types, including gastric, prostate, liver, lung, and breast cancer as well as glioblastoma and melanoma (Kudo et al. 2012; Lian et al. 2012; Turcan et al. 2012; Liu et al. 2013a; Yang et al. 2013 ). Due to the extent of this phenomenon, it is unlikely that the observed reduction in 5hmC is solely an effect of deleterious TET mutations. Interestingly, evaluation of the growth rate and 5hmC content of a wide range of tissues has revealed that the proliferation rate shows a significant negative correlation with global 5hmC levels (Bachman et al. 2014) . Conversely, arresting the cancer cell lines MCF7 and HCT116 in G 1 /S phase artificially increased 5hmC levels (Bachman et al. 2014) . Thus, it is likely that at least part of the decrease in 5hmC levels can be attributed to the high proliferation rate of cancer cells that causes a general failure to maintain tissue-specific 5hmC levels. In addition to this cell cycle-dependent effect, there are several proposed mechanisms that could lead to a decrease in TET protein activity. The TET2-interacting proteins IDAX/CXXC4 and RINF/CXXC5 are overexpressed in several solid tumors, including breast and colorectal cancer (Knappskog et al. 2011) , and are reported to have a negative impact on the stability and function of TET2 (Ko et al. 2013) . Moreover, several microRNAs, some of which are overexpressed in cancer, have been reported to directly target TET proteins Fu et al. 2013; Morita et al. 2013; Chuang et al. 2015) . In particular, miR-22 was found to negatively regulate all three TET family members, and its expression correlates with poor clinical outcome of breast cancer patients (Song et al. 2013b ). Finally, mutations in the metabolic genes IDH1/2, SDH, and FH are found in a wide variety of solid tumors (Oermann et al. Rasmussen et al. 2015; Hatlen et al. 2016 (N/A) Nonapplicable; (B-ALL) B-cell lymphoblastic leukemia.
2012) and are likely to have a profound impact on DNA methylation patterns through simultaneous inhibition of all three TET enzymes. Accordingly, neomorphic IDH1 mutations that result in high levels of 2-HG and impairment of TET enzymes in gliomas are tightly associated with aberrant DNA hypermethylation (Noushmehr et al. 2010; Turcan et al. 2012) . In summary, these observations suggest that a combination of mutations, high proliferation rate, and alterations in regulators of TET proteins can result in epigenetic degradation of 5hmC and 5mC patterns. However, the precise impact of altered TET activity on the transformation, progression, and maintenance of these tumors is largely unknown and remains a topic of active research.
Perspectives
Since their discovery, many important advances in our basic and mechanistic understanding of TET enzymes have been reported. The enzymatic processes leading to the formation of 5hmC, 5fC, and 5caC have been thoroughly characterized, and high-resolution cocrystal structures of human TET2 and its substrates have provided structural insights into the enzymatic activities of the TET enzymes. In addition, there is evidence supporting the existence of an active, replication-independent DNA demethylation pathway that proceeds by a TET/TDG/ BER-dependent axis. Finally, TET-mediated cytosine oxidation products have been mapped at the nucleotide level in ESCs and yielded a detailed insight into TET enzymatic activity in vivo.
However, several fundamental aspects of TET protein function remain unknown. First, despite the fact that TET mutations as well as catalytic impairment by IDH mutations have been linked to disruption of DNA methylation patterns, it has yet to be demonstrated that the catalytic activity of the TET proteins is required for biological function. TET protein occupancy alone and the corecruitment of auxiliary factors to genomic target sites could account for a considerable part, if not all, of TET physiological functions. Second, recent data suggest that 5mC oxidation by TET enzymes stalls after deposition of 5hmC at many genomic sites. The relative importance of genomic 5hmC deposition and its potential function in passive replication-dependent DNA demethylation versus active DNA demethylation by the TET/ TDG/BER pathway is currently unknown. Third, the mechanisms that govern recruitment of TET enzymes to DNA are not fully understood. Although CXXC domain-dependent mechanisms may account for a large part of TET genomic localization, other factors may also play a role. Addressing these questions will be an important part of future investigations.
There is also a considerable gap between the mechanistic understanding of TET enzymes and the impact of TET2 alterations in normal development, premalignant hematopoiesis, and leukemogenesis. Recent studies of normal and malignant hematopoietic cells have uncovered a genome-wide role of TET2 in the maintenance of a hypomethylated state at enhancers. Increased DNA methylation is negatively correlated with chromatin accessibility and histone marks associated with enhancers (Hon et al. 2014; Taberlay et al. 2014; Rasmussen et al. 2015) . Thus, TET2 mutations and the concomitant increase in DNA methylation can potentially attenuate enhancer activity and alter the gene regulatory network of the cell. However, the direct connections between increased DNA methylation at enhancers, transcriptional output, and predisposition to hematopoietic diseases have yet to be established. It is possible that altered TET activity on one or a few crucial genomic sites can trigger cellular changes that ultimately promote transformation. However, initial attempts to identify them as well as the genes they regulate have not been successful. At the other extreme, concomitant DNA methylation changes on a large number of enhancers may destabilize gene regulatory networks, increase cellular plasticity, and elevate the risk of cellular transformation. A subtle but global epigenomic disturbance of enhancer function may also explain why mutations or impairment of TET enzymes are associated with such a broad range of cancer types. Further investigations are needed to confirm or disprove these two disparate models and will most likely uncover both global and locus-specific effects.
Irrespective of the underlying molecular events, TET2 mutations lead to altered DNA methylation patterns and confer a competitive advantage to HSCs that, over time, often result in malignant transformation. Therapeutic intervention against this early aberration in AML, MDS, and CMML patients using demethylating agents (azacytidine and decitabine) have yielded inconclusive results (Braun et al. 2011; Itzykson et al. 2011; Bejar et al. 2014; Meldi et al. 2015) . Although some studies indicate that TET2 mutations correlate with a better clinical response, treatment does not result in increased survival. In fact, considering the discrete DNA methylation changes observed in mouse studies, it is unlikely that a global therapeutic reduction of DNA methylation can efficiently counteract the effect of TET2 alterations. In addition, it is not known whether fully transformed cells are dependent on the initial TET2 mutation. In order to exploit TET2 mutations therapeutically, a better understanding of the molecular mechanisms leading to the premalignant and malignant transformation of TET2 mutated cells is needed.
